S U M M A R Y Anisotropic inversions of surface wave data show that the variations in vertical shear velocity, pv, and anisotropy of the oceanic upper mantle in the Pacific are much smoother and more systematic functions of the age of the seafloor than has been reported in previous studies. The data used in this analysis are the pure-path results of previous studies on the lateral distribution of fundamental-mode Love and Rayleigh wave phase velocities (Nishimura & Forsyth 1985 . The pure-path models include parameters which describe the variations with age, azimuthal anisotropy and residual depth anomalies. The calculated velocity models of the upper mantle are constrained to vary smoothly with depth and to represent the minimum deviation from an isotropic starting model. Inversions were performed using the method of Tarantola & Valette (1982) .
INTRODUCTION
Two forms of anisotropy are known to be present in the structure of the oceanic upper mantle. The first is that of transverse isotropy in which the elastic properties of the media differ between the horizontal and vertical orientations (Anderson 1961) . This form of anisotropy is inferred from the incompatibility of fundamental-mode Love and Rayleigh whether this effect was confined to either the lithosphere or asthenosphere (e.g. Schlue & Knopoff 1977; Yu & Mitchell 1979) . A significant improvement in resolving the depth of this effect has been made recently by the analysis of higher-mode surface waves which have greater depth resolution than their fundamental-mode counterparts (Leveque & Cara 1983 . The results of these analyses and also that of Lerner-Lam & Jordan (1983) indicate that anisotropy is present in both the lithosphere and underlying asthenosphere, and extends well into the transition region.
The other class of anisotropy which has been observed from Rayleigh wave dispersion data is dependent on the direction of wave propagation. This azimuthal anisotropic effect was initially observed by Forsyth (1975) in the Nazca plate region. Subsequent studies have shown that this effect is present in other regions of the Paxific (Yu & Mitchell 1979; Okal & Talandier 1980; Kirkwood & Crampin 1981; Montagner 1985; Cara & Leveque 1987; Suetsugu & Nakanishi 1987) . Recently, we have shown that the magnitude of azimuthal anisotropy is not uniform across the Pacific but is dependent on the age of the seafloor and the period of analysis (Nishimura & Forsyth 1988) . There is also an indication that this form of anisotropy is present in the Atlantic upper mantle (Kuo, Forsyth & Wysession 1987) and on a global scale (Tanimoto & Anderson 1985) . To date, no statistically required Love wave azimuthal anisotropy has been observed.
Azimuthal anisotropy was initially observed for sub-moho Later investigations have shown that the depth extent of this effect extends up into the crust (Shearer & Orcutt 1985 ) and down to the base of the seismic lithosphere in the western Pacific (Shimamura & Asada 1983; Shimamura 1984) . While there was considerable debate concerning the exact origin of this azimuthal effect, in general the proposed models (e.g. Hess 1964; Fuchs 1977; Estey & Douglas 1986 ) invoked the preferential alignment of olivine crystals, a highly anisotropic mineral common in the oceanic upper mantle. In this study we solve for both the transversely and azimuthally anisotropic structure of the upper mantle in the Pacific in order to obtain a better understanding of the processes which control the evolution of the lithosphere and asthenosphere in an oceanic environment. We expect that the form of the true anisotropy in the upper mantle is not transverse with a vertical symmetry axis but more likely hexagonal or orthorhombic with horizontal symmetry. Our separate inversions for transverse and azimuthal anisotropy are intended to illustrate different aspects of the general anisotropy that are resolvable with current data. The data used are the results of our previous studies which determined the lateral distribution of fundamental-mode Love and Rayleigh wave phase velocities in the Pacific (Nishimura & Forsyth 1985 . We calculate a smoothly varying transversely isotropic structure of the oceanic upper mantle that requires the minimum change from an isotropic starting model. The best resolved parameters of this analysis are the two which describe the shear wave velocities. The shear wave velocity structure calculated by this analysis shows a progressive increase in velocity as a function of the age of the seafloor down to a depth of 200km. The . magnitude of the transversely isotropic effect in the upper 150 km is small in regions of the Pacific younger than 20 Myr in age. Transverse isotropy increases rapidly with age until some apparent constant value is reached in the older oceanic regions.
Inversions for the azimuthal anisotropic structure of the, oceanic upper mantle indicate that the source of this effect extends down to about 200km in regions of the Pacific younger than 80Myr in age. For the oldest regions of the Pacific, azimuthal anisotropy is required only to a much shallower depth. The differences with ages may be caused by a variation in direction of the horizontal alignment of the a-axis of olivine as a function of depth rather than a diminution of intensity of anisotropy in the older Pacific.
DATA
Fundamental-mode Rayleigh and Love wave phase velocities were recently calculated for paths which traversed the Pacific (Nishimura & Forsyth 1985 (Fig. 1) . The period range for Rayleigh waves was 20-125 s, while that for Love waves was 33-125s. In those two studies, it was determined that the velocity distributions could be modelled primarily by means of the pure-path method using a regionalization based on the age of the seafloor (Table 1; Figs 2 and 3). Additional second-order components of the velocity distributions included the effects of residual depth anomalies and Rayleigh wave azimuthal anisotropy. Azimuthal anisotropy was modelled using only the cos29 and sin29 coefficients ( 4 9 terms were omitted due to the lack of constraints) with the reference frame being that of fossil seafloor spreading. The best match to the observed travel-times was obtained for a model with a uniform azimuthal anisotropy effect present in oceanic regions less than 80Myr in age. The results of the previous study also indicated that areas of the Pacific which were more than 400 m shallower than the depth predicted by the empirical age-depth curve of Parsons & Sclater (1977) were characterized by anomalously slow velocities. Shallow depth regions are believed to be created by lithospheric reheating events which represent perturbations in the normal cooling history of the oceanic plate (Crough 1978) . The inclusion of a residual depth effect therefore separates oceanic regions which have not been significantly reheated (deeper seafloor depths) from regions which have been significantly altered (shallower regions). The pure-path velocities used in this study are representative of the unperturbed regions of the Pacific.
There are several advantages in using the Nishimura & Forsyth data sets in contrast to simply compiling data from the literature. First, the large number of paths used in constraining the pure-path age model produces small errors associated with the resultant pure-path velocities. This thereby provides greater constraints in our inversions. Second, the effect of azimuthal anisotropy has been taken into account and in fact the anisotropy coefficients provide additional constraints on the structure. Third, the correction for shallow residual depths results in pure-path velocities which represent the properties of 'pristine' oceanic plate. Fourth, the Love and Rayleigh wave data used in this study are internally consistent; they were measured and analysed by the same techniques and constraints. Finally, careful selection of higher quality data and searching for errors in A disadvantage in this study is the omission of group source depth and mechanism has led to significantly smaller velocity measurements. However, as pointed out by travel-time residuals than reported in most previous studies Knopoff & Chang (1977) , group velocity measurements tend (Table 3 , Nishimura & Forsyth 1985; Table 3, Nishimura & to be much noisier than those for phase velocities. As phase .
and group velocities provide nearly the same constraints on Figure 3. Rayleigh (a) and Love (b) pure-path phase velocities used in this study to constrain the upper mantle structure. Regionalization was based on the age of the seafloor (Fig. 2 ) using five age regions (0-4, 4-20, 20-52, 52-110, and 110 + Myr) along with two continental-type regions (North America and South America/Island arc). The pure-path model also incorporated the effect of residual depth regions that were 400 m shallower than the depth predicted by the Parsons & Sclater (1977) age-depth curve. Rayleigh waves were also modelled using azimuthal anisotropy (fossil seafloor spreading reference frame). Two anisotropic pure-path regions were used (less than and greater than 80 Myr in age). The period range for the Rayleigh waves is 20-125 s and for Love waves 33-125 s.
the upper mantle structure (Wiggins 1972) , the addiiional benefit of including group velocities is partially negated by the larger errors associated with group velocity calculations. Since group velocities for Love waves are particularly unreliable in this period range because of higher-mode interference (Boore 1969) , we chose to measure phase velocities only for both Love and Rayleigh waves to maintain a uniform structure to the data set.
MODEL SYMMETRY
An important factor in the inversion for an anisotropic velocity structure is the assumed symmetry system of the media. For fundamental-mode surface wave data, the most commonly assumed system used is that of transverse isotropy; a hexagonal system with a vertical axis of symmetry. The advantages of transverse isotropy are two-fold; first it is a natural system by which to model vertically polarized Rayleigh and horizontally polarized Love wave dispersion, and secondly, this system is the only anisotropic structure in which there exists an exact solution to the normal-mode problem for a spherical earth (Takeuchi & Saito 1972; Anderson & Dziewonski 1982) .
On the other hand, if azimuthal dependent variations exist, then a lower symmetry model is required; the most commonly proposed being a hexagonal system with a horizontal rather than a vertical axis of symmetry (Crampin 1984; Maupin 1985; Kawasaki 1986; Estey & Douglas 1986 ). The primary justification for using such a symmetry system is that it describes an oceanic upper mantle which contains systematically aligned olivine crystals; in this case, with the fast olivine a-axis [lo01 preferentially oriented in the horizontal plane. Such a model is one that has been universally proposed as a means of explaining seismic refraction derived azimuthal anisotropy and also the results of laboratory measurements of the elastic properties of ultramafic rocks from ophiolite sequences. A hexagonal system with a horizontal axis of symmetry can also produce an apparent transversely isotropic effect for Rayleigh and Love wave dispersion if the propagation paths average out the azimuthal dependency (Fig. 4) ; this is the case for the computed pure-path velocities. The computed horizontal and vertical velocities of the assumed transversely isotropic AZIMUTHALLY AVERAGED PATH COVERAGE Figure 4 . Conversion of hexagonal system with horizontal axis of symmetry to a transversely isotropic model with vertical axis of symmetry when paths average over the range of possible azimuths. The computed transversely isotropic velocities represent averages of the true velocities of the media.
media are therefore representative of the average of the true velocities (Estey & Douglas 1986) . For the purposes of this study, we will use a transversely isotropic media to model the calculated Rayleigh and Love wave pure-path phase velocities; the computed age dependent velocities are representative of azimuthally averaged values. The azimuthally dependent component of the velocity structure will then be modelled using the computed azimuthal anisotropy coefficients. If aligned olivine is the cause of the observed anisotropy then this procedure separates the anisotropic structure into two components: (i) a measure of the degree of olivine a-axis alignment in the horizontal versus vertical plane (transverse isotropy), and (ii) the amount of preferential alignment of the a-axis in the horizontal plane (azimuthal anisotropy).
INVERSION METHOD A N D MODELLING PHILOSOPHY
An inversion for a transversely isotropic structure, constrained by fundamental-mode phase velocities, represents both an underdetermined and non-linear problem. The final model is therefore highly dependent on the whims of the modeller whether it be the choice of the inverse technique, starting model and/or a priori constraints employed. With this freedom and the limited resolving power inherent in fundamental-mode surface wave data, one can then calculate a host of models which 'fit' the data satisfactorily.
We have inverted for the anisotropic structure of the oceanic upper mantle guided by the following philosophy.
(1) The final model should vary smoothly as a function of depth. When one models data with limited depth resolution, the resultant model should also reflect this limitation. From a strictly inverse modelling point of view, the smoothest varying model which deviates the least from the starting case is the model that best represents the inherent resolution of the data (Tarantola & Valette 1982) . Discrete models which separate the lithosphere and asthenosphere into two distinct parameters (e.g. Schule & Knopoff 1977; Yu & Mitchell 1979; Regan & Anderson 1984; Kawasaki 1986 ) directly impose a priori constraints on the problem which may not exist from a seismological point of view and which may mislead members of the scientific community not familiar with the limitations on resolution. Thermal models have shown that there is a gradual temperature transition between the lithosphere and the asthenosphere (e.g. Parker & Oldenburg 1973; Parsons & Sclater 1977) . If the elastic properties are a function of temperature, then the transition from the lithosphere to the asthenosphere will be characterized by a gradual change in the seismic velocities. On the other hand, there is a sharper distinction between mechanical properties of the lithosphere and asthenosphere based on the flexure of the oceanic plate (e.g. McNutt 1984) . However, the elastic flexure thickness which is representative of the change from a brittle to ductile regime is a measure of the long-term response of the plate. Seismic waves obviously require a much shorter response time and therefore flexural and seismic calculations model two different aspects of the properties of the oceanic upper mantle.
( 2 ) If some a priori information is available then it should parameters of the previous iteration. This is one of the aspects of the technique of Tarantola & Valette which helps to stabilize non-linear inversions. This inversion method is obviously dependent on the a priori information that one uses in the form of (1) the starting model, (2) the parameter covariance matrix, and (3) the data covariance matrix.
be incorporated into the model and not discarded. For instance, it is expected that a change in the shear wave velocity will be accompanied by a corresponding change in the compressional wave velocity. Furthermore, some general form of the anisotropy expected in the upper mantle is known from the elastic properties of mantle rocks derived from ophiolite structures; for instance it is not expected that
( 3 ) Changes as a function of age of seafloor should be minimized, i.e. although details of any one model will be non-unique, the changes in the model from one age zone to another should include only those features required by the data. Finally, (4) we require that the inversion technique be robust enough to stabilize the effects of non-linearity within the framework of an underdetermined problem.
A method which can solve non-linear, underdetermined problems, while also incorporating a priori knowledge, is the inverse technique of Tarantola & Valette (1982) . This is a versatile, powerful inversion method which is ideally suited for the problem of modelling the anisotropic structure of the oceanic upper mantle. This technique has been previously used by Montagner & Jobert (1981) to determine the structure of the upper mantle in the Pacific, and recently by Nataf, Natanishi & Anderson (1986) on a global scale.
The inversion method of Tarantola & Valette is briefly summarized here. Given some observed data, d, (in this case the pure-path phase velocities for both Love and Rayleigh waves) we can then solve for some model, pk (anisotropic earth model) given some functional relationship between the two, d=g(pk). If a good estimate of the starting model, po, is known, then the model at the (k + 1)th iteration is given by
(1) where pktl =estimate of the model parameters for the ( k + 1)th iteration, Gk = partial derivatives of the model = dd/dp,, Cdd = a priori data covariance matrix, C, , = a priori parameter covariance matrix.
The a posteriori covariance matrix of the parameters, Cpp, is given by
The resolution matrix, R, for a non-linear problem is not given by Tarantola & Valette. However, an expression is given for the linear problem, where R = c,,G;f(cdd 4-GkC,,Gz)-'Gk.
( 3 )
If the problem is quasi-linear, then it is expected that the resolution matrix will not vary appreciably between iterations (Nataf et al. 1986). This was the case for this study, and therefore (3) is believed to be a good approximation of the parameter resolution of the problem. The technique finds the best-fitting final model which requires the smallest perturbations to the initial model. This differs from other inversion techniques (e.g. Wiggins 1972) which seek to minimize the changes with respect to the
Starting model
In a transversely isotropic medium, the material properties are given by five elastic constants and density, p , each of which are functions of depth. The elastic coefficients can be expressed by the three separate notational conventions (defined in the Appendix); (1) A, C , F, L and N, (Love 1927) , (2) BV, &, mH, av and r] or equivalently, (3) pv.
aH, e, $ J and r] (Takeuchi & Saito 1972) . In this study we have chosen to use the third representation. The importance of selecting the proper anisotropic parameters has been discussed by Leveque & Cara (1985) .
We use an isotropic oceanic mantle structure rather than an anisotropic model, as the starting model for our calculations. It is one of the purposes of this study to determine the minimum degree of anisotropy required to satisfy the fundamental-mode surface wave data within the philosophical constraints imposed on our inversions. Furthermore, discrete models which implicitly separate the lithosphere from the asthenosphere are inappropriate choices for our starting models; one of the constraints that we have imposed is that the final model vary smoothly with depth. Therefore, for the purposes of this study, an ideal choice for the starting model is the P7 model of Cara (1979) ( Table 2 ; Fig. 5 ). Table 2 . Isotropic starting model adopted from that of Cara's P7 model (1979) . Densities in the upper mantle vary as a function of age down to 125 km depth. The data used to construct the P7 model were obtained from paths which traversed regions of the Pacific between 25 and 100Myr in age. We will therefore use the results of Cara as the starting model for the 52-110Myr age region. The calculated velocity structure for this region is then converted to an isotropic velocity structure by averaging the horizontal and vertical velocities. The isotropic structure for this region will then serve as the starting model for the adjacent age zones (20-52 and >llOMyr). This procedure of using an isotropic final model of a particular region as the starting model for the adjacent age regions applies for the remaining age zones. This satisfies the need for the starting model to be close to the final calculated model, and also the requirement that changes from one age region to the next be minimized. The calculated anisotropic structure represents the minimum degree of anisotropy required to satisfy the data.
The compressional wave velocities of the P7 model have been modified in this study so that the variations of a with depth more closely mimic that of 8. This is not critical as we will later show that (Y is poorly resolved and hence does not affect our computed models. Furthermore, the densities were not taken to be free parameters of the inversions. Thermal calculations have clearly shown that temperature induced changes in the densities of the oceanic lithosphere caused by the effect of thermal contraction are capable of describing the variations in seafloor depth with age (Sclater, Anderson & Bell 1971; Parson & Sclater 1977) . The densities of each age region ( deviation of the velocity structure is on the order of 0.02-0.06 km s-' (Yu & Mitchell 1979 ) dependent on the pure-path age region (path coverage). Since we are inverting for a complete anisotropic structure, we choose to use a conservative value of 0.05 km s-' for the errors in pv and aH. The errors in the anisotropic parameters ij, @ and q are arbitrarily taken to be 0.03. An exception to this will be applied for the youngest age region. It is known from theoretical models that there is a rapid change in the thermal properties of the upper mantle within the first few million years after accretion at the mid-ocean ridge systems.
We therefore set the a priori error for pV and aH to a larger value of 0.10 km s-' in order to allow for a greater change in velocity from the 4-20 Myr age zone to the youngest age region (0-4Myr). The a priori errors for the anisotropic parameters will remain the same. One must then choose the appropriate correlation coefficients, sy, which represent the tradeoff between the different elastic parameters and density of the model at any given depth. The covariances are given by aLJ = ~,~a,a, with the selection of the appropriate correlation coefficients strongly dependent on one's personal preference. It is known that, for rocks which are representative of that found in the mantle, a change in shear wave velocity, pv, is accompanied by a corresponding change in the compressional wave velocity, aH, assuming a relatively constant Poisson's ratio. Another a priori inference is that it is not expected that pH > pv if aH < av. This a priori relationship, which is constrained by the results of laboratory measurements of the elastic properties of representative mantle rocks (Peselnick & Nicolas 1978; Christensen & Salisbury 1979) , requires that there be a negative correlation between anisotropic terms, 6 and @. We therefore set the correlation coefficient for BV and aH to a value of 0.5. The correlation coefficient for ij and @ is taken to be -0.5. These choices of values between -1 and 1 allow the changes in parameters to be different if required by the data, but pv and aH, for example, will vary together if there is no constraint or requirement that they differ.
Other values of stJ are zero except that sZJ is taken to be 1.0 if the ith and jth parameters are the same type such as pv at two different depths. Then, the correlation assumed between two different depths for the same parameters depends only on the correlation length A. A is the normalizing factor of the Gaussian smoothing term and controls how rapidly the structure can vary as a function of depth. The application of a Gaussian window is analogous to controlling the maximum deltaness of the resolving kernels by modifying the trade-off between parameter error and resolution in a Backus & Gilbert (1968) inversion. Previous inversions have shown that there is approximately a 0.5 km s-l peak-to-peak difference in the shear wave velocity in the lithosphere and asthenosphere. Since ap is taken to be 0.05 kms-' and assuming variations over 100 km depth, we therefore take A to be equal to 10 km, which allows quite rapid variations with depth if they are required by the data. upper mantle above 125 km depth. Finally, the layer thickness used in this study is 10 km (except the uppermost layer), with variations in the model assumed to be confined above the 400km seismic discontinuity (the limit of the resolving sensitivity). The crustal structures (velocities, densities and thicknesses) of the starting model are independent of age except for variations in the water depths and sediment thicknesses (Table 3) . For the purposes of this study we will assume that the crust is isotropic. Anomalous crust in the vicinity of seamounts and oceanic plateaus were accounted for in the residual depth correction applied in the calculations for the pure-path velocities. The water depths in the various age zones are the average thicknesses for a particular age region and were calculated from the empirical age-depth curves of Parsons & Sclater (1977) .
A priori covariance matrix
The required a priori parameter covariance matrix, C,,, is assumed to be given by
where sii = correlation coefficient between the ith and jth parameters, oi = standard deviation of ith parameter, ri = depth of the ith parameter, A = correlation length.
A general estimate of the parameter variances, a ;
, can be made based on the results obtained from previous inversions of fundamental-mode surface wave data. The standard
Data covariance matrix
Previous studies which have inverted fundamental-mode surface wave data have assumed that the measured phase velocities are independent of each other. This is true if the velocities chosen are separated by a sufficiently large period interval. In our case, there is probably some interdependence between the measured phase velocities due to systematic errors in the measurement technique; the off-diagonal terms in the data covariance matrix are small but non-zero. Unfortunately, determining the correlation between periods in each region is difficult and beyond the scope of this paper. We therefore arbitrarily assume that we can neglect the correlation between the measured phase velocities and set the off-diagonal terms of data covariance matrix equal to zero. Neglecting the off-diagonal terms in this case probably reduces the resolving power of the data since the shape of the dispersion curve may be better known than the absolute level, because some errors, such as origin time of the events, are common to all periods.
RESULTS OF THE INVERSIONS FOR STRUCTURE
Inversions are performed to obtain the transversely isotropic structure of the Pacific as a function of the age of the oceanic plate. Two cases are analysed; (1) which to analyse the results of this analysis is to look at the resolution matrix. The resolving kernels for the first model (si, = 0, 1) clearly demonstrate that the dominant parameter is BV (Fig. 7) with resolution down to about 200 km. There are also significant tradeoffs between Bv and other parameters, particularly +.
Not surprisingly, the second most resolvable parameter is the shear wave transverse isotropy term. The determination of E depends on the apparent discrepancy between Love and Rayleigh waves with the depth resolution for 5 controlled by the poorer resolution Love waves (Rayleigh waves have greater depth resolution and constrain bv). The shapes of the resolving kernels for 5 vary more smoothly with depth than those for bv; this lack of depth resolution is a well known property of Love waves. From this simple model in which the primary a priori information provided are the correlation length, A, of the parameter covariance matrix, and the starting model, several important observations can be made. As expected, the most resolvable parameters are the two terms associated with the shear wave velocity structure in the upper mantle. The computed oceanic upper mantle structure in the five age regions are shown in Fig. 8 . with the fit to the observations shown in Fig. 9 . They are also given in Table 4 along with their associated errors obtained from the a posteriori parameter covariance matrix, CPp. A parameter is parameter, /?" (for instance, 4). It is therefore very difficult to delineate the amplitudes and extents of these parameters. For these reasons, we primarily focus on the two shear wave velocity parameters, and t, when interpreting the results of this analysis. non-resolvable when the a posteriori variance is equal to the
1.1
a priori variance (Tarantola & Valette 1982 increases as a function of age especially in the uppermost 100 km. This increase with age qualitatively mimics the temperature structure of oceanic lithosphere calculated by thermal cooling models with vertical heat conduction (Sclater et al. 1971; Parker & Oldenburg 1973) . However, the results clearly show that there is no simple measure of the depth extent of the lithosphere with age. Quantification of the plate thickness using fundamental-mode surface wave data is therefore difficult and may be somewhat misleading. Although clearly a simplification, if one selects the depth to the maximum negative gradient in shear velocity as being the best available indicator of lithospheric thickness, then the thickness increases from about 15-35 km beneath 0-4 Myr old seafloor to 70-110 km in the oldest seafloor.
The anisotropic parameters also exhibit an age relation- (Fig. 8) , to the observed pure-path phase velocities. Errors bars are the one sigma variations. Obviously, it is possible to construct other models resulting in equally good fits to the observations. However, this would require relaxing the constraints of this study and would represent a change in the basic modelling philosophy. For instance Love waves are not affected at all by a", @ or I]. These parameters can then be freely manipulated with respect to the Love wave data, thereby producing a highly anisotropic structure (e.g. Regan & Anderson 1984) . However, it is the difference between the Love and Rayleigh wave dispersion which required transverse isotropy.
In the second set of inversions, we use an a priori parameter covariance matrix which incorporates the !LLL& The resolution kernels of this analysis (Fig. 10 ) are similar to those obtained previously except where the additional a priori correlation between parameters is important. This change is most apparent for aH, in which there are now large tradeoffs with the other parameters, mimicking that for BV although aH itself is still poorly resolved. Likewise, the curves for 4 are also modified to take into account the tradeoff with ,$'. The values for the two dominant analysis. The fit to the observations (Fig. 12) is basically parameters, pv, and ,$', are essentially the same for this the same as that obtained in the previous inversions (Table inversion (Fig. 11) compared to that when sij = 0, 1 (Fig. 8) .
5). Therefore it has been shown that it is possible to obtain a There is still the progressive increase in &, with age. Both model which incorporates the a priori characteristics of C Y~ and @ are much different and simply reflect the more realistic upper mantle rocks without sacrificing the fit correlations between the parameters invoked in this to the observations. Table 4 . The depth resolution is shown in Fig. 10 . Note the changes in a}, and from that of the previous inversion (Fig. 8 ) due to the a priori constraints imposed by the correlation between parameters. 
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Effect of attenuation
Up to this point, we have neglected to include the effect of attenuation on the data. This effect is known to produce a 0.5-1.5 per cent change in the upper mantle structure (Kanamori & Anderson 1977 ). An attenuation correction is required if one wishes to compare earth models determined from body wave data with those obtained from surface wave or free-oscillation data. Assuming that Q,' and Q;' are frequency independent, then the effect of attenuation is given by (Kanamori & Anderson 1977) where w = angular frequency, w, = reference angular frequency, Q,(w) = attenuation factor.
If some model for the attenuation parameters Q, and Q, is known, then Q,(w) can be computed by (Anderson et al. 1965) Our illustration of the effect of attenuation uses the Pacific Q,' structure of Mitchell, Yacoub & Correig (1977) . Q,' is assumed to be twice the magnitude of Q,' with the reference frequency chosen to be 1 Hz. Inversions are performed using the Q priori parameter covariance matrix, C,,, which incorporated the expected tradeoffs of aH with Bv, and E with @. The basic results obtained when the effect of attenuation is included (Fig. 13) are qualitatively similar to those obtained previously; (1) the two most resolvable parameters are BV and E, (2) /Iv progressively increases with age, and (3) E increases rapidly with age until some constant level is reached in regions greater than 20Myr in age. The primary change of this model is the increase in Bv with respect to the results of the previous inversions, with the largest perturbations centred in the asthenosphere (Fig. 14) . The change in this depth region was expected since the amplitude of Q-' (hence the effect of attenuation) is largest in the asthenosphere. The net result is that the contrast between the velocities in the lithosphere and asthenosphere is smaller. Unfortunately the variation of attenuation with age of the seafloor is not known well enough to incorporate into our models. The This reduction in the difference between the velocities in the lithosphere and asthenosphere when the effect of attenuation is included has little bearing on the results of this study but are significant if one inverts for a discrete model. The smaller contrast in velocity blurs the distinction between the lithosphere and underlying asthenosphere thereby increasing the uncertainty in quantifying the seismic plate thickness. This gives discrete models additional freedom in setting the thickness of the plate.
LOVE
Azimuthal anisotropy
For the case of a complete anisotropic, plane-layered structure, the number of independent elastic parameters increases from 5 to 21. It is fairly obvious that it is not Change in the parameter /Iv when attenuation is included as compared to that obtained without this effect (Fig. 11) .
The largest perturbations are centred in the asthenosphere where the effect of attenuation is the largest.
possible to constrain all the parameters using fundamentalmode surface wave data alone. In order to make this problem feasible, several simplifications must first be made. Smith & Dahlen (1973) where I) is the azimuth between the direction of wave propagation and the angle to some reference pole, C , is the reference phase velocity which corresponds to the azimuthally averaged velocity, and the Cj values are the anisotropic coefficients. In the previous studies (Nishimura & Forsyth, 1985 , we only solved for the 21) terms as 4I) variations were not properly constrained by the path coverage. Love wave azimuthal anisotropy is not statistically required by the data and will hence be neglected. For Rayleigh waves, the sin 21) terms were close to zero (Table  6 ) when either a fossil seafloor spreading or a present-day absolute plate motion reference frame was used to calculate the anisotropy coefficients. Zero sin 21) terms and negative cos 2 q terms correspond to fastest wave propagation in the direction of spreading. The simplified problem in calculating the anisotropic structure is therefore reduced to solving for the anisotropic parameters which are related to the Rayleigh wave cos 21) term. Recently, Montagner & Nataf (1986) have proposed a simple means of calculating the partial derivatives required for the inversion of an azimuthal anisotropic structure. This is an approximate method which assumes that the degree of azimuthal anisotropy is small and, more importantly, that the formulation for a flat earth is equally applicable to a structure with spherical symmetry. For the purposes of this study, none of these constraints are unrealistic.
First, the application of an approximate method is in accord with the resolution inherent in azimuthal anisotropy calculations. Precise measurements of this second-order effect are difficult to make as one must also take into account other perturbations, such as lateral variations in structure. It is expected that the errors in the data (noise and modelling imperfections) far exceed the imprecision of the analytical method. Finally, there is still some ambiguity concerning the tectonic history of the western Pacific and, hence, there are possible errors in the fossil seafloor spreading map used in deriving the azimuthal coefficients that may contribute to inaccuracies in the calculation of the (7) coefficients primarily in the oldest age region. 
Upper mantle anisotropy 223
The basic method of Montagner & Nataf (1986) which is applicable to the simplified problem can be briefly summarized here. For a plane layered structure, the perturbation in Rayleigh wave phase velocity related to the cos2q terms is given by (using the notation of Takeuchi 8~
Saito 1972) where y , and y , are the Rayleigh wave displacement functions, y i and y ; are the derivative of y , and y , with respect to depth, k is the wave number, Z, is the energy integral, and B,, H, and G, are the anisotropic parameters of the problem (Appendix). In this case, the partial derivatives with respect to B,, H, and G, are equivalent to the derivatives with respect to aH, 5 and pv.
Inversions were performed using a correlation length, A, of 10 km with a starting model of G, = B, = H,= 0. The standard deviations of the a priori parameter covariances matrix, C , , , were set equal to 0.005 mbar with sij = 0 except when the ith and jth parameters are the same type (then s i j = 1). The resultant structure (G,, B, and H,) was calculated using the azimuthal anisotropy cos 2 q coefficients obtained using the relative plate motion reference frame in regions of age less than 80Myr. In Fig. 15 we only computed B, and H, parameters were essentially zero. m e dominance of G, was expected as the derivatives associated with this parameter are the same as that for & (the dominant Rayleigh wave parameter for a transversely isotropic structure). We therefore will use the results for G, when interpreting the results of this analysis. However, one must keep in mind that shallow level anisotropy related to the B , terms can have an effect on the cos2q coefficients (Montagner & Nataf 1986 ). The contribution of shallow level, non-zero B, diminishes the amplitude of G, but this effect is predominantly seen at a period range beyond that of this study.
The computed model indicates that the azimuthal anisotropy effect extends down approximately 200 km with a maximum value at around 75 km (Fig. 15) ; the largest effect is therefore below the base of the lithosphere (based on thermal models) in the 0-80 Myr region. However, the anisotropy coefficients used in this inversion were calculated using a model (fossil seafloor spreading direction) which should be only applicable to the structure present in the oceanic plate or in the immediate vicinity of mid-ocean ridges; i.e. the azimuthal anisotropic structure should only extend down to the base of the lithosphere. This dilemma is easily reconciled when one considers a potential source of deeper seated azimuthal anisotropy. It was pointed out in a previous study (Nishimura & Forsyth, 1988 ) that the direction of present-day absolute plate motion is very similar to that of fossil seafloor spreading in the younger regions of the Pacific (Fig. 16) . As absolute motion may be indicative of the flow direction (i.e. azimuthal anisotropy) below the oceanic plate, the similarity between the two tectonic models would indicate that the azimuthal anisotropic fabric in regions less than 80 Myr in age will be fairly uniform with depth in this region. Thus our preferred model; shallow azimuthal anisotropy in regions of the Pacific less than 80Myr in age is related to the direction of fossil seafloor spreading while deeper anisotropy is related to present-day absolute plate motion. This is further illustrated by the results obtained for the older regions of the Pacific. Azimuthal anisotropy (GJ, using the fossil seafloor spreading reference frame, is only non-zero at depths less than 50 km (Fig. 17) . One possible explanation for this result is that the azimuthal anisotropic structure at depth below 50 km is equal to zero. We feel that this is unlikely since there is well developed transverse isotropy in the older regions of the Pacific which extends down to 200km. Instead, the apparent zero value anisotropic structure below 50 km may be due to changes in the orientation of the azimuthal anisotropic fabric with depth. Unlike the younger regions of the Pacific, there are significant differences in the direction of absolute plate motion and fossil seafloor spreading in a large percentage of the western Pacific (Fig. 16) . When the two directions are aligned, the contributions of the shallow and the deeper anisotropy may constructively interfere. When the two patterns are different, there may be a destructive interference effect and, therefore, the longer period Rayleigh waves, which are sensitive to a broader range of depths and structures, migh be unable to detect azimuthal anisotropy. We would like to be able to model the evolution with age of azimuthal anisotropy in the same detail as the transverse isotropy and &. Unfortunately, the tradeoffs between G, x 1 0 ' mbars azimuthal anisotropic velocities and laterally heterogeneities prevents comparable horizontal resolution of the azimuthal terms. 
FOSSIL SEAFLOOR SPREADING D I R E C T I O N R E L A T I V E P L A T E M O T I O N
Fossil Seafloor
DISCUSSION
The depth extent and pattern of both transverse and azimuthal anisotropy leads us to believe that the two types of anisotropy share a common origin. A viable mechanism which can produce this total anisotropic structure is the preferred alignment of olivine, a mineral ubiquitous in the oceanic upper mantle (Fig. 18) . Olivine is an orthorhombic mineral which is characterized by major differences in the elastic properties of its a-, b-and c-axes (Kumazawa & Anderson 1969) . The dominant factor which controls the amplitude and orientation of anisotropy is the alignment of the a-axis; the elastic parameters associated with the a-axis [loo] (fastest velocities) are much different from those associated with both the b-or c-axes. Supporting evidence for the importance of olivine is provided by laboratory measurements of the elastic properties of ultramafic rocks from ophiolite sequences (Christensen 1984) . The degree of anisotropy was found to be dependent on the percentage of olivine present. Rocks 
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orientation of the a-axis (fastest velocities) parallel to the inferred direction of fossil seafloor spreading (Peselnick & Nicolas 1978; Christensen & Salisbury 1979; Christensen 1984) . In order to produce both the transverse and azimuthal anisotropy, the olivine a-axis must be preferentially aligned in the horizontal plane. In our preferred model this systematic orientation is the direction of fossil seafloor spreading at shallow mantle depths, and the direction of absolute plate motion at sub-lithospheric depths. , it is not possible to determine whether or not the olivine b-or c-axes are systematically oriented; the elastic properties associated with these axes are quite similar. This systematic alignment is equivalent to a hexagonal system with a horizontal axis of symmetry.
It should be noted that the preferential alignment of olivine crystals in the direction of mantle flow helps to explain the results obtained for the youngest region of the Pacific (0-4 Myr). Theoretical models have shown that beneath mid-ocean ridges, the dominant mantle flow direction is vertical as opposed to a more horizontal orientation away from the ridges (e.g. Phipps Morgan ) and, therefore, the transverse anisotropy effect in the youngest region should be different from that observed for the older regions. Our results indicate that the only resolvable anisotropic parameter, E, is smallest in this age zone, with rapidly increasing to some apparent equilibrium level in the older regions. Therefore, for this youngest region, the lower values for E may be due to a combination of the vertical and horizontal flow direction beneath the mid-ocean ridges.
Finally, it should be noted that the requirement that the variations from one age zone to the next be minimized contrasts dramatically with the results of some recently computed models for the age dependent oceanic upper mantle velocity structure (Regan & Anderson 1984; Kawasaki 1986 ). These models have proposed that there is a correspondence between the seismic and mechanical lithospheric thickness with the base of the overlying plate correlating with the depth of the theoretical 600°C isotherm. However, these velocity profiles cannot be representative of some simple age dependence as the computed velocity structures change dramatically from one age province to the next (e.g. Regan & Anderson; Fig. 19 ). We implicitly assume that when pure-path velocities have a simple age dependence, the computed velocity structures should also have a simple age dependence.
The primary reasons why the results of Regan & Anderson, and Kawasaki differ from that of this study are the differences in the modelling philosophy and procedure, and differences in data. In this study, we purposely overparameterize the inverse problem by using a large number of thin layers when modelling for the velocity structure. The application of a robust inversion technique (Tarantola & Valette 1982) allows the inverse problem to be solved stably; the computed velocity models of this study are a better representation of the true resolving power of the constraining fundamental-mode surface wave data set. In the case of Regan & Anderson, and Kawasaki, a more ad hoc forward modelling procedure was used with the depth dependent model parameterized by a limited number of parameters (e.g. constant velocity gradients). This can produce rather unusual velocity models (Fig. 19); i.e. a large seismic discontinuity at 220 km depth, large variations in E with age, and sharp discontinuities in < with depth. The pure-path data set used in these studies (Mitchell & Yu 1980) employed fewer paths with larger observational errors and did not yield a simple monotonic increase in phase velocity as a function of age of the seafloor.
CONCLUSIONS
The basic conclusions of this study can be summarized as follows.
(1) The structure of the upper mantle in the Pacific varies smoothly as a function of the age of the seafloor. The primary resolvable parameter for a transversely isotropic medium, /3", progressively increases as a function of age and qualitatively mimics the temperature structure calculated by thermal models of the cooling of the oceanic plate. The greatest change in velocity occurs within the first 20 Myr.
(2) The upper mantle down to 200km depth is characterized by a significant degree of transverse anisotropy. The shear wave anisotropy term, E, which is the only resolvable parameter other than &, rapidly increases in magnitude in the first 20 Myr until some equilibrium value is reached beyond this age.
(3) The azimuthal anisotropic structure in regions less than 80 Myr in age, when constrained by the fossil seafloor spreading reference frame, reaches a maximum value between 25 and 100km depth and is present down to 200 km .
(4) In the older regions of the Pacific (greater than 80Myr in age), azimuthal anisotropy is confined to a much shallower depth (50 km). The apparent decrease in azimuthal anisotropy in the western Pacific may be due to the variations in the horizontal direction of anisotropic fabric with depth rather than a decrease in in situ anisotropy .
(5) The depth extent and magnitude of both transverse and azimuthal anisotropy can be explained by an upper mantle which contains olivine with preferred orientations. 
APPENDIX
The properties of a transversely vertical axis of symmetry can independent elastic parameters.
isotropic structure with a be represented by five In the notation of Love (1927) orientations, and p is the density. The Cij values are the components of the elastic tensor (e.g. Montagner & Nataf 1986). Conversely, the transversely isotropic structure can also be expressed by Pv, aH, 6, 4, and q, where
The parameters which describe the azimuthal anisotropic model used in this study are given by three coefficients
